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INTRODUCTION
Creep is the temporal accumulation of irreversible deformation ! under constant stress. It starts with a transient regime of decreasing rate !´ that converges to a constant value at the onset of steady-state creep. The transition state theory (TST, Vineyard, 1957) relates the average occurrence time "t of a strain accumulation event "! with its activation energy "E:
(1) # 0 is a characteristic frequency of attempt, k B is the Boltzmann constant, and T is the temperature. According to Eq. (1) a transient creep occurs during strain-hardening
regimes (Orowan, 1947) i.e. when "E increases with !. In particular, "E ~ ! leads to ! ~ log(t) (Cottrell, 1952) , a logarithmic creep shown at all scales by a multitude of materials. Characterizing "E(!) is key to understand the conditions and mechanisms that lead to the logarithmic creep and that control its magnitude. In the simplest cases "E(!) can be estimated analytically (e.g. Cottrell, 1952) , but not for amorphous materials with complex, cooperative behavior. Molecular simulations can deal with such complexity, but cannot follow the dynamics of a system for the large time scales (seconds to years) that are relevant to creep (Voter, 2002 and Nabarro, 2002) . As an alternative, kinetic approaches can cover much longer time scales by using TST [Eq.
(1)] after sampling transitions and associated activation energies on the potential energy surface (PES) , Kushima, 2011 , and Mousseau, 2012 . These approaches are effective for relatively ordered systems (Lau, 2010 , Fan, 2012 , and Mousseau, 2012 but their application to amorphous systems has been so far unsuccessful due to the abundance of transitions to be sampled.
Here we propose a new approach based on PES-TST that predicts the logarithmic creep of amorphous materials from simulation. It has the advantage of considering only a small number of possible transitions along one specific trajectory on the PES. This trajectory is generated via progressive increments of applied macroscopic strain, similar to experimental shear tests. The underlying assumption is that the mechanisms activated during creep are the same that cause instantaneous irreversible deformations under mechanical action (Guiu, 1964 , Argon, 1982 , Fan, 2012 . We apply the technique to a multi-scale model of the amorphous molecular (~2 nm) and meso (~100 nm) structure of calcium silicate hydrate (C-S-H), which is the main binder phase of ordinary cements. A logarithmic creep regime emerges at both scales from our calculations. The computed energy barriers confirm that a "E ~ ! type of strain-hardening takes place at small !. We also find a switch to steady-state regime at strain levels that correspond to the onset of stress-induced plastic flow, when "E converges to a constant maximum value. This work lays the ground for a broader application to amorphous materials, whose long-term creep behavior can be understood and predicted from the increasing amount of available experimental and simulation data on short-term, mechanically-induced irreversible deformations (Langer, 2006 , Schall, 2007 , Falk, 2007 .
CREEP OF CEMENT
Cement is usually mixed with sand and stones to produce mortars and concretes. It is the most widely used building material on Earth, and its creep has huge practical implications. For example, the creep of prestressed concrete causes a progressive loss of prestress, and a costly maintenance is required to periodically restore it. Therefore a low creep compliance is desirable in bridges made with prestressed concrete. On the other hand, the creep helps buildings and infrastructures accommodate imposed displacements, e.g. due to ground settlement. In this sense, some creep compliance is beneficial to the resilience of concrete structures. Cement normally experiences only a transient, prevalently logarithmic creep (Vandamme, 2009 , Bazant, 2012 : similar to many other rocks, a steady-state creep regime does not develop in cement because anticipated by nucleation of cracks and failure. The creep of cement is commonly attributed to that of the calcium silicate hydrate (C-S-H) gel, which is the main binder phase. The C-S-H gel is a highly cohesive, amorphous, mesoporous material, with a disordered arrangement of pores 2 to 50 nm wide, and a solid skeleton that is also amorphous at the molecular level. Hereafter we will focus on the creep of the C-S-H gel, as a prototype of amorphous material at multiple scales.
The microscopic mechanisms of creep in the C-S-H gel are still not known with certainty. Bazant et al. (Bazant, 1997) proposed the "microprestress" mechanism at the molecular scale, according to which an heterogeneous stress field induces molecular rearrangements at randomly located "creep sites", i.e. sub-nanometer regions that are rich in ultra-confined water. This is conceptually similar to the motion of dislocation in metals. To date the microprestress mechanism cannot be confirmed by direct measurements, because experimental techniques are unable to assess the creep of the C-S-H directly at the molecular scale. On the other hand, at the just larger scale of the mesoporous C-S-H gel structure (100 nm -1 $m), nanoindentation experiments show that a logarithmic creep takes place (Vandamme, 2009) and that gels with a smaller volume fraction of mesopores creep slower. This latter effect can not be predicted by the microprestress argument, and has been interpreted using the free volume theory (Boutreux, 1997, and Vandamme, 2009 ). Both the microprestress mechanism and the free volume theory have been deduced to interpret qualitatively the experiments, but their predictive ability is limited. Our strategy here, by contrast, is to employ recent models of the molecular (Pellenq, 2009) and mesoporous (Masoero, 2012) structures of the C-S-H gel, predict their deformation mechanisms, quantify the activation energies, and translate all this into creep using Eq. (1).
SIMULATED CREEP OF THE MOLECULAR C-S-H
The molecular structure of the solid C-S-H consists of a disordered arrangement of silica chains and of calcium and water "layers". A model of this structure has been proposed recently (Pellenq, 2009 ) (see Fig. 1 .a) and, coupled with atomistic force fields, it captures and predicts a number of experimentally measured quantities (Pellenq, 2009 , Youssef, 2011 , Manzano, 2012 , and Manzano 2013 . In Fig. 1 .b, we show the results of a simulated shear test performed on the a molecular structure of C-S-H with Ca/Si = 1.7 (the ratio between the number of calcium atoms and the number of silicon atoms). The protocol of the test consists in a series of increments of the overall imposed simple shear strain "! ext . After each increment the interaction energy is minimized at zero kelvin using the conjugate gradient method, and the total interaction energy E(! ext ) and (virial) shear stress % after minimization are computed. During the test, we observed that large non-affine deformations tended to accumulate in correspondence of the most water-rich region, which confirms the "creep site'" activation argument of the microprestress creep theory (Manzano 2013) . The sudden drops of % in Fig. 1 .b suggest that irreversible rearrangements may be occurring. In order to verify whether a drop of % is actually accompanied by an accumulation of irreversible strain, the configurations corresponding to each point in Fig. 1 .b have been unloaded by applying an increasingly negative simple shear strain until % = 0 was recovered (Manzano, 2013) . The residual shear strain after minimization back to % = 0 is indicated with !. These analyses showed that the residual ! increases discontinuously, jumping up suddenly in correspondence only of some drops of %. These drops, for which ! increases, define a chain of discrete events of irreversible deformation. The activation energy "E(!) of one such event can be evaluated from the molecular configuration at ! ext just prior to the event triggering. In order to compute "E(!), we first take the negative difference between the total interaction energy in that configuration, and the total interaction energy in that same configuration after it is unloaded back to % = 0. Subsequently, we divide this value times the number of particles in the simulation box N, and we multiply it times the number of particles M that take active part in the irreversible rearrangement. M is estimated from the local non-affine strain field, and for this simulation we have M = 200. Fig. 1 .c shows that "E initially increases with ! (strain-hardening) and then converges to a constant maximum value when the stress-strain curve reaches the plateau of the plastic flow regime. Fig. 1 .d is the calculated creep curve of C-S-H at the molecular scale. The time increment "t corresponding to each increment of irreversible strain "! is obtained applying \Eq.
(1) to the series of energy barriers in Fig. 1 .c, and using & 0 = 10 10 s -1 and T = 300 K. Fig. 1.d shows a logarithmic ! ~ log(t) regime that extends over many orders of magnitude in time, before the upturn of !(t) at the onset of steady-state creep. Contrary to the common issue of molecular simulations that cannot access sufficiently large time scales, here we confront with an excessively large one compared to creep experiments. We will discuss this issue later in the manuscript.
SIMULATED CREEP OF THE C-S-H GEL AT THE MESO-SCALE
The same procedure employed for the molecular structure of the C-S-H is now applied to the mesoporous gel structure, at the larger scale of ~100 nm. The mesostructure of the C-S-H gel can be modeled as a disordered packing of nanoparticles with polydisperse diameters, that interact via a highly cohesive, spherical pair potential (Masoero, 2012) . Here we will use the interaction potential in (Masoero, 2012) : a modified single-well Lennard-Jones potential with single energy well of depth ' that scales as the volume of the interacting particles (' ~ ( 3 with ( being the particle diameter). This implies that large particles stick to each other more strongly than small ones. Monodisperse systems (e.g. in Fig. 2.a) have maximum packing fraction ) = 64% and represent the experimentally observed "low-density" C-S-H gel. Polydispersity instead enables more efficient packing, with ) up to 1, which can model the experimentally detected "high-density" C-S-H gel. The interactions between the nanoparticles are key to quantifying the activation energy for the irreversible deformations. Hereafter we will estimate ' from the results obtained previously at the smaller, molecular scale. This provides a truly multi-scale and crossscale character to the present study. Fig. 2.b shows the results of a shear test simulation on a monodisperse model structure of the C-S-H gel. The test protocol is analogous to the one that led to Fig.  1 .b, with applied shear strain increment "! ext between 0.005 and 0.01. We plot the dimensionless shear stress %* = % · ( 3 /', because the simulation was performed in dimensionless units. Similar to the case of the molecular C-S-H structure, sudden drops of %* indicate the triggering of deformation mechanisms, some of which correlate with a discontinuous accumulation of irreversible shear strain ! (Masoero, 2013). The energy barriers "E for the activation of such events are shown in Fig. 2 .c. Similar to the molecular case, we rescaled the energy barrier computed over the whole simulation box dividing it by the number of particles in the box N = 1700 and multiplying it times the number M of particles actively involved in the irreversible rearrangement. The analysis of the local non-affine strain indicated M ~ 20 nanoparticles, independent of the system size. In Fig. 2 .c we switched to real unit by employing ' = 0.036 ( 3 eV, with ( expressed in nanometers. This energy scale implies that nanoparticles with ( = 5 nm, similar in size to the molecular structure in Fig. 1 .a, interact with ' = 4.5 eV. This value corresponds to the activation of steadystate creep at the molecular scale (see plateau in Fig. 1.c) . We are therefore effectively assuming that the unit events that control the energy scale of the gel deformations are plastic flows at the molecular scale, at the interface between nanoparticles. In general one cannot activate only one sliding event at a time, in the jammed meso-scale structures. Rather, cooperative mechanisms take place that involve several particles and activate multiple unit events of local slidings. Therefore one would expect an increase of the energy barriers at the gel scale. By contrast, we obtain energy barriers at the meso-scale that are smaller than those at the molecular scale, which is probably due to the eigenstresses in the meso-structure that can favor the activation of local mechanisms. Similar to the molecular scale, in Fig. 2 .c we observe again an initial strain-hardening regime followed by the convergence of "E to a constant maximum value, at the onset of plastic flow in Fig. 2 .b. Fig. 2 .d is the calculated creep curve of the low-density C-S-H gel, obtained analogously to Fig. 1.d . In order to apply Eq. (1) to the energy barriers in Fig. 2 .c, we still employ # 0 = 10 10 s -1 and T = 300 K. Such high value of # 0 is consistent with our assumption that the rearrangements at the molecular scale are the unit events for the rearrangements at the larger meso-scale. It is also worth noting that the choice of # 0 affects the time scale only linearly, hence it can not change a qualitative logarithmic behavior and is also quantitatively less important that the exponential part of Eq. (1). Similar to Fig. 1.d, also Fig. 2 .d shows an extended logarithmic regime and a subsequent upturn at the onset of steady-state creep. As a result of the smaller energy barriers, the time scale for the creep of the C-S-H gel is smaller than that for the C-S-H at the molecular scale.
CONCLUSION
Our results indicate that the energy barrier for accumulation of irreversible deformation increase with the applied strain both at the molecular scale and at the larger scale of the mesoporous gel. This is a signature of cooperative mechanisms whose activation energy increases until a regime of plastic flow is established. We argued that the mechanisms at the molecular scale could be considered as unit processes that set the energy scale of the relative sliding of nanoparticles at the larger meso-scale. Interestingly, we found that the heterogeneous stress field at the gel scale can result into an effective reduction of the energy barriers, despite what one would expect from the cooperative nature of the rearrangements.
Our simple approach brings out the connection between creep and mechanisms of instantaneous irreversible deformation. We applied it to the multi-scale amorphous structure of the C-S-H gel in cement, but the extension to other materials is straightforward. For the first time molecular simulations predict the logarithmic creep of an amorphous material, which spans many orders of magnitude in time, and relate it with the strain-hardening behavior postulated in the 1940s by Orowan (Orowan, 1947) . The advantage compared to previous phenomenological approaches is that now creep can be related quantitatively to the series of microscopic mechanisms through which it develops. This understanding is prerequisite to new solutions for designing materials with improved creep behavior.
Several aspects of this work can benefit from refinements and extensions. Above all, Fig. 1.d and Fig. 2.d show clearly that the time scale of creep is overestimated, compared to that of macroscopic creep in cement. A time scale of years (~10 8 s), using # 0 = 10 10 s -1 and T = 300 K K in Eq.
(1) implies activation energies "E of the order of 1.2 eV ~ 46.5 k B T. Fig. 2 .c shows that the activation energy from our calculation is overestimated, and there are multiple possible sources of such result that are worth being investigated in future works. Among such possibilities, there is the effect of the external load (here tending to zero), the constraint of considering only one trajectory in the phase space, and the possible contribution to the free energy coming from chemical reactions or water dynamics (for example, in relation with the Pickett effect). On the other hand, already at the present state our protocol captures robustly the absence of a characteristic time scale that is distinctive of logarithmic creep, and can be employed for comparative studies between different systems. All this favors a technological transition toward including the predicted creep response as a new design variable for cement and other amorphous materials.
